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Brief Review of X-ray Generation

Electron Excitation of Inner Shell & Continuum Processes
Characteristic and Bremsstrahlung Emission

Spectral Shapes
Notation of Lines

[ Electron Excitation of Inner Sheil Processes]

Eo

Incident Electron

Inelastically Scattered E]ected Inner Sheil
Primary Electron Electron

AE

Electron Distribution
Relazation

Internal Conversion K-ray Photon
and Auger Electron Emission
Emission

The Emission Process:

1-Excitation,
2-Relaxation,
3-Emission
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" Schematic Diagram lllustrating Sources of

Inelastic Scattering-Signals




Experimental XEDS, XPS, and EELS data from the Copper L shell.
""Note the differences in energy resolution, and spectral features.

Intensity (Arb Units)

Energy (eV)

I Nomenclature for Principle X-ray Emission Lines

Characteristic X-ray Line Energy = E ¢nai- E initial

Recall that for. each atom every shell'has a unique energy level determined by

the atomicrconfiguration for-that element.

Y X-ray line energies are unique.




Nomenclature for X-ray Lines

‘ ‘X-ray-Transition-Selection Rules:

(Principle Quantum Numbers)

| i
0 1/2

0,1 —1/2:372

0,1,2:~ 1/2,3/2,5/2
0,1,2,3—1/2,3/2,5/2, 7/2

Relative Intensities of Major X-ray Lines




Characteristic X-Ray Spectrum
Hlustrating KEM lines

Copper K

F

Oxygen K
Barium M
Copper L

Yttriom L

|

Yttrium K

TEM_Specimen:_Y,Ba,Cu;0, o Superconductor - 120 kV - UTW Detector

. ——Note:

As Z increases Kth shell line energy increase:

If K-shell is excited then all shells are excited (Y, Cu, Ba)
ut-may-not-be-detected-

Severe spectral overlap may occur for low energy lines.

Electron Excitation of Continuum Processes

Incident Electron

*‘.‘ /g;sstrahlung

e) (Continuum)
Elastically Scattered

Photon Emission
Primary Electron \—\'\

Backscattered
Electron




Intensity

Photon Energy

Energy Range - Continuous Distribution

Maximum = Incident Electron Energy (Least Frequent)
Minimum = E ~ 15-30 eV (Most Frequent)

plasmon

Spect‘ral‘ Distribution will-reflect this range, modified by detecto
= response function =

— Electron Excitation of Continuum (Background) Intensity

Oxygen K
Barium M
Copper L
Yitrium L Barium L Copper K Yttrium K

Intensity

Energy (keV)

Spectral background will be influenced by:
1.) Specimen composition
2.) Detector efficiency
3.) TEM generated artifacts




Instrumentation: Detector Systems

Wavelength Dispersive Spectrometers (WDS)
Energy Dispersive Spectrometers (EDS)

Si(Li) Detectors

HPGe Detectors

Spectral Artifacts of the EDS System

Detector Efficiency Functions

Light Element Detectors
Multichannel Analyzers

Energy Dispersive Spectrometers: (Solid State Detector

Operates on Energy Deposition Principle

~ Simple, Nearly Operator Independent
‘ Large Solid Angles (0.05-0.3 sr)
' = Virtually Specimen Position Independent —
No-Moving Parts
Parallel Detection
Quantification by Standardless-or Standards Methods

Poor Energy Resolution (=~ 130 eV)

** SuperConducting Systems ( ~ 20 eV)
Poor Peak/Background Ratios ( 100:1)
Detection Efficiency-Depends upon X-ray Energy

PILEUP

EJECTOR
ELECTRON R DEVICE
BEAM CRYOSTAT
MULTICHANNE
‘ ULTICHARN COMPUTER

Si{Li)

—
SPECIMEN DISPLAY

X- RAY SIGNAL
[FIGURE 10. Operating schematic of a Si(Li) detector system.




Wavelength Dispersive Spectrometers : (Diffractometer
Operates using Diffraction Principles (Bragg's Law)

Excellent Energy Resolution (= 5 eV)
. ___High Peak/Background Ratios (10000:1)_
' —~Good Detection Efficiency for All- X-rays
High Counting Rates
Good-ightElement-Capabilities——

Complex Mechanical Devices, Operator Intensive

Specimen Height dependant focus
Moving Components-in-the AEM
Limited Solid Angles (<0.01 sr)
Serial Detection .- .
Quantification Requires Standards

ELECTRON
BEAM
m%%%mg"‘ PREAMPLIFIER

AMPLIFIER

CoMPUTER}
| M |

FIGURE 1. Basic components of a crystal diffraction spectrometer system.

- Comparison of EDS and WDS Spectrometers

Parameter Wavelength Dispersive Energy Disp e

Construction T Mechanical Device Solid State

‘ ©___moving components  no moving parts
Energy Resolution " 5eV 130 eV
Efficiency <30% 100 % (3-15keV)
Input Count Rate 30-50 K cps 10 K cps
Peak/Background” 10000 100
Atomic Number Range Z>4 (Be) - Z > 11 (Na)

— Z>5 (B)

Number of Elements ____All in Energy Range
Solid Angle -0.001-0.01 sr 0.02-0.3 sr
Collection Time .~ TensofMinutes — Minutes
Beam Current . = High Stability Required Low Stability Required
Detector Stability — Good Short Term  Excellent
Spectral ‘Ar‘tifacts INETe] EelTe] ) Important
Operation Skilled (?) Novice

~*Values depend on definition, specimen, and operating conditions




Comparison of EDS and WDS Spectra

Eolelz EDS Spectrum
NBS glass K252

Intensity

WDS Spectrum
NBS glass K252

Intensity

v

Wavelength

Electron beam

>\< Crystal lattice

spacing (d)

X-ray detector

r‘—OﬁeTmWTCTWHISmeﬁ‘i*
Using Braggs' Law | =2d sin(q)
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ELECTRON
BEAM

sit) ! ‘
DETECTOR! MINI LENS
| / CRYSTAL

LIQUID NITROGEN
RESERVOIR

: CRYSTAL
ouecnvz/ : SPECTROMETER
LENS

~ Installation of a Crystal Spectrometerina

TEM - EMMA-4 System
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=P-type Silicon high conductivity

Li Initially p-type due to impurities (usually Boron);
Diffusion Silicon Lithium acts as a compensating
dopant-neutralizing-the Si giving it
a high resisitivity.

= Radiation-deposits energy in the
Thermally Induced Si(Li) lattice & creates free
Concentration electron-hole pairs in the crystal
Gradient @ 1 electron-hole pair/3.8 eV of
deposited energy @ 77K.

Lithium Concentration

= Intrinsic semiconducting Si
allows both electrons & holes to
become mobile under application
of a potential bias across the
crystal

Apply a

Reverse

Biased

Potential Properties of Intrinsic Silicon

Lithium Concentration

Attachinxj HV electrodes to the two

surfaces the Si(Li) crystal will act

immiiiar to a capacitor with free
. cut Silicon charges developing on the elt_ectrlcal

Si(LD) Crystal on ontacts._Charge_developed in the
Intrinsic L . erystal-is-N=-FE/e—(
Silicon Intrinsic Boundaries —
= 3.8 eV/e-h pair) i.e

ray produces ~2630 electrons = 4.2 x
1.0—-16-Coulombs: =

Solid State Detector Construction

LN2
Cold
Finger

Intrinsic
(Active)
Zone

N\ \
Dead Layer p-type SS Cryostat Housing
Au Electrical Contact Dead Layer n-type

Environmental Isolation Window (Be, Hydro-Carbon, Windowless)

Relative Detection Efficiency

Solid State Detectors: Si(Li) or Instrinsic (High Purity) Ge
Using a simple absorption-model define the relative detector efficiency e(E)

by the following procedure:

P |-|—:|Oexp(— wx)=1exp (- [—::] p X)




Components of Si(Li) Detector

_ - Cald Fingar

, (SUL Crystal

Relative Detection Efficiency

—— Solid State Detectors: Si(Li) or Instrinsic (High Purity) Ge
Using a simple absorption model define the relative detector efficiency e(E)
i by the following procedure:

— Tr=iem e o= jew e [S] o0

HC/BAW/DL

8(E)= 4" =exn( a-EReit ) {Lrem(-¢ ypy-4)}

<--Absorption-->  <-- Transmission-->

JI(;E) = mass absorption coefficient for Energy E; r = density; t = layer thickness

13



Calculated Si(Li) Detector Efficiency by
Active Layer Thickness & Window Type

Det

Be Window: 8 Micror

Au Contact: 250 A

Si Dead Layer: 1000 A

Relative Efficiency

——— — Detector Window Type

8 Micron Be
1000 A Pyrolene & Aluminium

Dead Layer 1000 A
Si Active Layer 3 mm

1000 2000 3000
X-Ray Photon Energy (eV)

Relative Transmission Efficiency

Wigdow
£(E) = Jli = exp( 5_ —(@)i,pi,ti )

ﬂ[rE) = mass absorption coefficient for Energy E; r = density; t = layer thickness

Pyrolene N @1000A
—@— Diamond-Like C @ 0.4 um
—&— Aluminium @ 1000A
- A'~B-90,N-9,H-1 @ 0.25 pm

T

T T
400 600 800 1000

Energy ( eV)

Note-theVariation-in-transmission-characteristics-by-Window Type:
Not all UltraThin Windows are Equivalent!!! For example Detection of Nitrogen
using a Diamond window is virtually impossible.




Windowless vs. Conventional Detectors
Comparision of XEDS measurement on NiO
using a Windowless versus Beryllium Window detector

Windowless
XEDS Detector

Beryllium Window
XEDS Detector

4 6
Energy (keV)

Note the enhanced detection efficiency below 1 keV for the WL detector.
' spectra are normalized to unity at the Ni Ka Line (7.48 keV)

Windowless vs. Conventional Detectors

1360. 00

K Shell Spectra using
Windowless Detector

O B R B |

Boron -> Silicon

T R |

e
=)
<]

T T T ? T T T
Lgl!!:lll T T T T T T T oTTT

L Shell Spectra Using
Windowless Detector

Titanium ->Zinc_.
Note Potential Overlaps with

K shell'Lines 004
‘ : UL B S e B W e o
: 0. 000 Ennr‘gy (aV) 2000. 000
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Comparision Light Element Spectroscopy
Resolution XEDS vs EELS

T Comparision of WL XEDS Detector and EELS spectra
' ————taken-from-the same NiO-specimen——

(Arb. Units)

\¢
g

\\

500 600 700 800 900 1000
Energy (eV)

Note the enhanced spectral information in the EELS data. Vertical
scale-is-arbitrary-and-chozen-for clarity-of presentation.

316 S8 Matrix TiN in 316 88

o
2

[ T T PR I PR

Comparision
Light
Element
Spectroscopy
Resolution
XEDS vs EELS

an3pan

bl bl o Palalalaty

: [\j\/\-NC,—,\/\
(P IRLERRS né ARFRASEF -~

FeLL
CrL
OK
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Detector Parameters

Be Window: 0 nm
Gold Contact: 20 nm
Si Dead Layer: 100 nm
Si Active Layer: 3 mm
Ge Dead Layer: 200 nm
Ge Active Layer: 3 mm

Calculated Efficiency

Windowless Systems

Detector Parameters

Be Window: 0 nm
Gold Contact: 20 nm
Si(Li) Si Dead Layer: 100 nm
Si Active Layer: 3 mm
Ge Dead Layer: 200 nm
Ge Active Layer: 3 mm

10

20 30 40 50 60 70 80 90

X-ray Photon Energy (keV)

Lm
m
N

E4—1-'l4 keV

=—Microphonics
Distortion

-Escape

PN SEPE BTSN ESTUN ATON ST B S B

rr1 71
Energy (eV)

Resolution - FWHM - YNoise® + 2.35cFE

¢= 3.8 eV (in Si) /2.9 eV (in Ge) =

. F=Fano Factor ~0:1
E= X-ray Energy

e Noise = Electronic Noise (mainly in the FET) E

Nominal FWHM Values in Modern Si(Li) Detectors:

O Ko (0:52-keV)
Mn Ka (5.9 keV)

Mo Ka (17.5 keV)

80-to100-eV
40 to 160 eV

= 210 to 230 eV

17



Resolution will also vary with
Microphonic & Electronic Noise, and Counting
Rate!

1000.00
High Noisg
800.00

)
VL

0.8 1.2
Energy (keV)

WL & UTW- detectors are particuliarly sensitive to-low energy
-~ noise and microphonics. Obse he changes_in_the spectra

Resolution Loss with Count Rate

S

5K 10K 15K
Count Rate

18



Incomplete- Charge Collection-in-Solid-State Detectors

Au Contact  Si Dead Layer
/

Si Active Layer

N tail
N peak

Npeakx=No exp (-pd) I

Ntait = No (1 - exp (-pd))

LT (1-exp(-pd))
e | expl-ud)

Energy (keV)

Operation of the Multi-Channel Analyzer

Amplifier Cutput #ignal
\ Low Level Discriminator

I Liowr Lewel Diseriminator Sukput

N, Higrel Run-Dovn Capacitor

S

Address Clock

)
L Linear Gake

L Dread Time Gate

Adapted from Gedcke, 1972




MCAZADC Considerations
Detector Dead Time

/A

e

—o— Cr/Mo 40 usec
—=— NiO/Be 40 usec
—o— NiO/Be 20 usec

10 15 20 25
Count Rate (Thousands)

Instrumentation: AEM Systems

The AEM as a system
Spectral Artifacts in the AEM
Uncollimated Radiation
Systems Peaks
Artifacts at High Electron Energy
Specimen Contamination & Preparation
Optimizing Experimental Conditions

20



Spectral Artifacts in the AEM
Uncollimated Radiation: The Hole Count

Electrons
ANANNS
X-rays

Fixed
First Condensor
Aperture

Ni4Mo

Specimen
=Stnd C1/C2

Apertures

Variable
Second Condensor
Aperture

Intensity

Ni4Mo
Hole Count
=Stnd C1/C2
Apertures
Specimen
and
Goniometer Stage

J ﬂ Objective Aperture

Lower Objective Pole Piece
10 15

Energy (keV)

Intensity

‘ Spectral Artifacts in the AEM
—  Uncollimated Radiation Solutio

Electrons Electrons
AN ANNNS
X-rays X-rays

. Fixed Thick Fixed
First Condensor First Cond ensor
Aperture
Aperture

Variable

Second Condensor Thick Varlable
Aperture Second Condensor

Aperture

_ Non-Beam Defining
Collimator
'uuer Objective Pole Piece 'Jpper Objective Pole Piece

Specimen Specimen

and and
Goniometer Stage Goniometer Stage

Objective Aperture Objective Aperture

Lower Objective Pole Piece ‘ower Objective Pole Piece




I Uncollimated Radiation: The Hole Count
Effects of Thickness & Composition-of Variable C2 Aperture

100 um C2 Aperture
—&— Mo stnd
—&— Pt Stnd
—8— Au Thin

3 4 5 6
Spot Size / C1 Lens Setting

50 um Pt Stnd

150 um Pt Stnd

50 pum Pt Thick

—2—— 150 um Pt Thick

.01 .
Probe Current (nA)

Speciﬂfmriooﬂﬂwmybdmuwﬁimﬂmeyfarbun—suppmtedfon a
Stnd Mo Aperture with 200 mm hole. Expt. Conditio 120 kV, Specimen

~tilted-toward-Si(Li)-35-degrees:

22



Spectral Artifacts in the AEM

Hole Count Effects: Modified C . and Hole Count Effects: Modified C ; and C, &

15000

Ni4Mo

Specimen
=Thick C1/C2

Apertures

Ni4Mo
Specimen
=Thick C1/C2
Apertures
=Non-Beam
Defining
Aperture

15 0
Ni4Mo Ni4Mo
Hole Count Hole Count

Intensity
Intensity

=Thick C1/C2 =Thick C1/C2
Apertures Apertures

=Non-Beam
Defining
Aperture

Intensity
Intensity

A

10 20 10
Energy (keV) Energy (keV)

3 mm / 200 micron
Molybdenum
Aperture

AEM/XEDS
Hole Count
Test
Specimen

Chromium
Evaporated
Film
~500 -1000A

1989 Hi SM::-etin XEDS/AEM Performance Panel Membe:rsr

Bentley -Oak Ridge Nat. Lab Kruit-Delft Univ.
Cazaux - UFR Sciences Malisl-PMRL/CANMET
_‘Craven - Univ. of Glasgow Rez-ASU
Glas-Lab. de Bagneux Williams-Lehigh Univ.
ren- ate Univ. altuzec-Argonne Nat.




Specimen Count: Chromium Film on Molybdenum Disk

4000.00
rK

3200.00

2400.00

1600.00

8 12
Energy (keV)

500.00

Artifacts in the AEM

Hole Count - Chromium Film on Molybdenum Disk

8 10 12 14
Energy (keV)

a) beam on the specimen, b.) beam in the "hole".

200000

150000

—®— Cr/nA
—0O— crhole/nA
100000

Accelerating Voltage (kV

« Cr and Cr-hole count /nA is c
used to identify the source-of-the
uncollimated radiation—

= Magnitude.of the hole count
signal is monitored-by-theratio
of the Mo-hole to Cr specimen
intensity

Experimental-hole count

Data from "Cr Film/Mo Disk Hole Count Test"

o

@Int/Cr Specimen IAtensity N
«

o

—®— cCrhole/Cr
—{3— Mo holescr

o

Y

Q

Qv Hole Ci
o

100 200 300
Accelerating Voltage (kV)
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Low Mag Mode vs. Mag Mode

LM Mode 1.1kX

1

Spectral Artifacts in the AEM:

Mag Mode

Electrons_Entering the
Detector
50-kV

|
e

I tny

.0 4.0 6.0

Energy (keV)

Note the Effects-6f-50-keV.
Electrons Entering
on Background

Low Mag Mode vs. Mag Mode

LM Mode 1.1kX

I

/ —

/ Mag Mode 1.5kX

20.0 30.0 40.0 50.0

Energy (keV)

pectral-Artifacts-in the AEM:

S

Electrons Entering the
Detector

Mag Mode 1.5 kX

4.0 8.0 12.0

Energy (keV)

Note the Effectégfjooxev
Electrons Entering the
Detector on Background

Low Mag Mode vs. Mag Mode
300 kV Operation

LM Mode 1.1kX

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Energy (keV)
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Optimizing-Experimental Conditions

_ Choice of X-ray Line
— K-series
‘= [-series
‘ M- series

Detector/Specimen Geometry.
Elevation Angle
Solid Angle

Detector Collimation

Choice of Accelerating Voltage™
Relative-Intensity————
Peak/ Background =i
= Systems Peaks/Uncollimated Radiation

. —Choiceof Electron-Source
= Spatial Resolution
, ————TungstenHairpin
LaBg
Field Emission

Radiative Partition Function (I') Governs the Relative Intensities
Nominal Values {(Varies slowly with Atomic Number)
E Shell L Shell M Shell

Kg1= 100 Lei = 100 Mayz = 100
Eqz = 50 Lez = 50 Mp - 60
Epi= 15-30 Lpi= 50
= 1-10 Lz = 20
= 6-15 Lpz = 1-6
Lps = 3-5
Lyi= 1-10
Lyz = 0.5-2
Lg=1
L = 1-3

26



Detector/Specimen Geometry

- Specimen

Designation Elevation

Angle

Oe

0° - -
0

Intermediate - : 15-30°

High~

e == HitachiVG

Azimuthal —

Angle
eA

450
90°

90°

Collimator

High Energy

Low Energy

Manufacturer

JEOL -
JEOL, Philips, VG

Philips, JEOL, —

Hitachi, JEOL

Characteristic
X-ray Emission
Angular Dependance
(Isotropic Distribution)

Bremsstrahlung
Angular Dependance
(Aniostropic Distribution)
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Detector/Specimen Geometry

Subtending Solid Angle
Collection Solid Angle

o =A/R? = 0.3-0.001-sR
A = Detector Active Area
=10-30 mm2
R = Crystal to Specimen_Distance

=10 - 50 mm

Detestor

'~ Detection & Removal of SystemmPeaks

EV: I0EV/CH PRST LnnAa CAY— Y0-JDKEV: 10EY/CH PRST Lnade CNP
CSTHD SHOL TILTE: A:STHD SHGL TILTS:
FS= 18BA MEM: A Fsr 1pee8  F 1088 MEM: A FSr  18¢89

EbAX  CURSOR (KEY)=08 60 EORY

CURSOR (KEY)=0B. Z08
GE 19

GE 18908 1M1

RéTTrovalﬁ@tage@ysteaneaks—by—usevfﬁETyiﬁuanimbHI?
Ge specimen 10,000 in Ge Ka peak in both spectra E
Left Standard Single Tilt Cu Stage, Right Be Gimbal DT Stage
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Reactive Gas Plasma Processing
Applications to Analytical Electron Microscopy

-Example:

< The figure at the ri‘gh; shows the results of
contamination formed whena 300k
probe is focussed on the surface of a
freshly electropolished 304 SS TEM—

specimen.

The dark deposits mainly consist of
hydrocarbons which diffuse across the
surface of the specimen to the immediate 8
vicinity of the electron probe. The amount
of the contami‘n‘étlon is-a function of the
time spenijllﬁachJocation-J:lensihejme
WETS yaried from-15-300 seconds.

Comparision Results on Electropolished 304 SS

N1
=Untreated
Specimen

=After 5 minutes
Argon Processing

<After 5 minutes of
additional Oxygen
Processing

29



KEVEH

it

X-ray Production = Cross-section * electrons

( ndong)2 B

1 = Probe current 7

. Ie
B- Brightness = (_jﬁ ) eV

eVo

V= ivisti Valli—————
r= Relativistic Yoltage ol I 2m0c2 1 )

. Vol 1+ 9.785 2 1077Vy)
Maximizing L )
The Signal Non-Relativistic Cross-section Model
ax * bx *{ In (c¢ E_c)]
Eo Ec

0k z..

Relativistic Cross-section Model

T )
ag * b= { in (cx *ﬁ) = In(1-2) —|32]
0K = To * Ko

To =1 /2 myc2p2, where B=v/c

30



K—Shell Cross—Section (Barns)

10°

1Ll

107

oyl

10

[EREN|

Ozygen
Neon
Aluminium
Nickel
Silver

Cold

¢+

PR AR
00 f
o

>

10
1

YT T

10 100 1000
Accelerating Voltage (kV)

400
300 1
Relativistic Model
200 1
100 1 Non-Relativistic Model
o] T T T T
(0] 200 400 600 800 1000
Accelerating Voltage (kV)
1.2
1.0 B 200A x Powell
O 400A Green & Cosslett
08 ® 600A &  Mott & Massey
U] O 1000A + Zaluzec
A
0.6 1
0.4 1
0.2
0.0 T T T T
(o] 100 200 300 400 500

Accelerating Voltage (kV)
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Effects on Intensity with Accelerating Voltage
for-constant Probe-size-parameters

Relativistic Model

400 600
Voltage (kV)

For identical probe diameters one has higher x-ray production at high
voltage due to the increase in beam current.
Alternatively, one can achieve the same statistical intensity for smaller

probes at higher

— Experimental Variation-of
‘ -Beam Current and X-ray Intensity with-VVoltage

—&— Beam Current
—0O— Alka

[
a
o

o B
8 .3
Al I% X<ra)8| ntensSy

o

100 200 300
Accelerating Voltage (kV)

—o—  Ni Specimen

—— Beam Current (nA)

100 200 300
Accelerating Voltage (kV)
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600000

500000

400000

300000

200000

100000

2000
Thickness (A)

Nominal Thickness A

200
400
600
1000
3000

200

Accelerating Voltage (kV)

~ Al K intensity/na/A as a function of accelerating voltage for
= ferent specimen thicknesses.
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Minimium Detectable Mass

k k*

MDM ” B tef ~ Palodo?r -

Minimum Mass Fraction

k. k".

MMF ~

JexBaten  \fipx(B)1ed02

k,kK* = Constants

P, = Characteristic-Signal -
from element X

(P/B), = Peak to Background ratio for element X

1, = Incident electron flux

J, = Incident electron current density

~———d;="Probe diameter

—— T =Analysistime

34



Experimental Peak/Background
Variation with Voltage

® Germanium
A Chromium
B Aluminium

100 200 300
Accelerating Voltage (kV)

O Al P/B 400A
O Al P/B 1200A
O Al P/B 3000A

100 200 300
Accelerating Voltage (kV)

Current Future

'XEDS
— Sensitivity —— MMF~103
‘ MDM-=1020

Quantification 2-10%  same

Instrumentation—Si(Li),HPGe Si(Li),HPGe, UTW, WL

Limitations Radiation Damage

Sensitiviity ——MMF~104——— ~10°
£ MDM~1022 ~ =l

Quantification 10-20% same

Instrumentation — Serial/Parallel

Limitations Radiation Damage

Future Directions Electronic/Atomic Structure




Spatial Resolution /Beam Spreading Monte Carlo Calculations

Aluminium

100 kv 400 kV

Monte Carlo Calculations—of B-(Newbury & Myklebu

%‘rhi%eés
Element. Z 10nm 50nm 100nm 500nm

Carbon 6 022 19 41 — 330
~Aluminium 13 0.41 3.0 7.6 66.4

Copper 29 0.78 5.8 17.5 244.0
Gold 79 1.71 15.0 52.2 1725.0
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Analytic Formulation (Elastic Scattering - Goldstein etal 1977)

B - 625 %-\E— t3/2

b= Beam Broadening [cm] Z= Atomic NHumber
Ep= Accelerating Voltage [k¥]  p = Density [gms/cm3]
A= Atomic Weight t = Thickness [cm]

Element Z 10nm 50nm 100nm 500nm
Carbo M6 016 18 513 5 7.4
Aluminium e 26 1.9 8.12 90.9
I A E— 1 0T o E— o E— =2

= 79 15.5 17.3 * *

*model invalid at higher kV and/or high scattering angles

Comparison of Electron Sources

Brightness Source Energy Noise Stability Cohereny Vacuum
Size Spread

(Torr)
Thermonic ' = <104

Poly ™
Crystal
Good Moderate
Single
Crystal
Field Thermal
Emission Assist 100-500 ‘ . Moderate

Cold 100-1000 Fair

10 ¢
Probe Radius (A)




Intensity (Counts)

Data Analysis and Quantification:

Spectral Processing
Thin Film Quantification Methods
Specimen Thickness Effects:
Absorption
Fluorescence

Spectral Processing : XEDS

Spectrum haracteristic Peaks + Background

Data Reduction

' Simple: Linear Bac ind Fit & Integration
100000

Curve Fitting: Non-Linear Background & Profile
" Matching

Si Fl‘gqUency (Digital) Filtering: Background Suppression

& Reference Spectra Fitting
Cul  Tiesc

Deconvolution : Fourier Method for Resolution

2 4 6
X-ray Energy (keV)
.~ Modeling - Parametric Fits of Analytic Expressions
Phenomenological Expressions.

Modified Bethe Heitler Model
Digital-Filtering=Mathematical—Supression

Simple - Linear and/or Polynbmjnal Interpolation
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Spectral Processing : XEDS
Simple Data Reduction

lote:- Must use-peak-integrals (1)
and not peak amplitudes (A)

ecallthatfor a Gaussian Peak

Spectral Processing :
XEDS —

Background Modeiihg :
Power Law/Parametric
Fits

Bgnd = g*

QCNT - 40, SZHEY 10Wch & EDAX
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Spectral Processing : XEDS
Curve-Fitting--Linear-Modeling

—(E—E:)2 Using simple matrix algebra solve for A
Gii = exp (_]; )

2052 <Fast and simple procedure

<Presumes operator knows all elements

then present

Y1 =AsG11 + ApsG2) + AseG31 * System must be calibrated
Y2 =ApGra + AxsGon + AsGan (i.e. E, and s must be accurately known)
Y3 =A1sG13+ AxeGoz + AslGay

Spectral Processing : XEDS
- Curve Fitting : Linear Modeling
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Spectral Processing : XEDS
Curve Fitting : Non- Linear Modeling

Calculate and Minimize x
M

{yi- Yx)Z : -(Ei-Ex )2
(E =) with Yx - axexp (5 20%E0 )

and yj= raw data

%2 is minimized by searching (E, o, A) parameter space

Pattern Search
- Sequential method: mechanical iteration of each
parameter until a local minmimum
is found.

- Simplex method: simultaneous variation of all
parameters.

Gradient Search
- Evaluate
Multiple Least Squares with De e Reference
" BI(E)
- Linearization of the above problem. I'(E) = I(E) - §E iE
E-—>E +0E o0-—>0+00 i

+ (odo + 2

.

*

(m,b) plane and response surface showing
a single, arbitrary, simplex.

Figure 2.

Slmplex searc‘r‘rof aramet Sterﬁonﬂ\‘lBS‘Szﬂ Pub.
604, 1979

(8E)2

)T

8E2
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Multiple Least Squares with Derivitive Reference
Minimizes Errors due to Calibration Drift

Intensity Error (X)
Intensity Error (X)

« ceuaetan meterenes o1y \

@ Plus Berivetive mererences

©o. 10. _=0. 30.
Spectrum Shift (eV)

°

Resolution Change (eV)

% Ca ana K Mererances Omly
o Flue X Derivetive mererences

Ca Intensity Melative to K (X)
Ca Intensity Ralative to K (X)

°. 10. 20. 30.
K Spactrum snift (eV)

K Resoclution Cnange (ev)

Spectral Processing : XEDS
Digital Filtering

Background Suppression by Mathematical modeling
- Replace Data by new spectra formed by the

~— following linear operat

w_
Gix=j) = [F{=z: ) - 2‘(W—+ ¥ F(zg) + F(z 1)1 where F(zj) = Z1i(z;)

First Order (Top Hat) Digtal Filter

|
Bt
W

A

)

A

+

SN

Operator independent
Introduces severe spectral distortion

McMillian etal -
MAS 1984

42



Spectral Processing : XED
Digital Filtering

F __Original Spectrum

. Efficiency . Efficiency
of Collection of Detection

X-rays Fraction of X-rays
Generated which leave Specimen

1 + Fraction

X-rayse?ZTz:ted h:un*EZer of Number of Generated by
P ncident Atoms Secondary
per Electron Electrons

Sources

Number of "K" Shell
lonizations « |Number of "K" X-rays |, [ Fraction of Total "K"

per Atom per Electron per lonization X-rays Measured
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Quantitative Analysis using

For a thin specimen

Nopl I 1
o th Ex 82
W, [Tt Ea S

oalE, Z)I'A(I)A:CA
Measured x-ray intensity
——perunit area
Kth-shell ‘ionization cross-section
Kth-shell fluorescence yield
Kth-shell radiative partition function
Atemu%/\/mght
~Avagodro’s number—
= . Density
== Composition (At %) .
N ﬁ—lﬂtrdént@lectrvrrﬂtrﬁ )
t. Specimen thickness
== 4Bet€CtﬁT1§f1361€ﬁCy
W = Detector solid angle

- wn
o"zsos

=5

lonization Cross-Section

S

g vl gl saspl gl

Aluminium
Nickel

K—Shell Cross—Section (Barns)

Stlver
Cold

T

B

10 " 100 A
Accelerating Voltage (kV)

For K Shells
) To
ag * bpr { In (e g ) - (162 -p?}
QK TO * EC

To = 172 mgc?p2. E; = Shell Excitation Energy, B=7¥/¢
For L Shells

; T,
a = be (0 (e o5) - in(1-p2) -2}
QI. = TO = -EC
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X-ray-Fluoreseence-Yield-has-Systematic-Variation-With-Atomic-Number

Relative Intensities of Major X-ray Lines

Ig = Ige + IEp
I = [pe+ ILp + Ly +lig +lLy
Im = IMe + IMp

Line Initial Final Line Initial Final Line Initial Final

Eg1=r L3 Let => M5 L3 Mp1 => N7
Eaz => Lz Laz => L3y Mgz => HNg
Epr=+r M3 Lgy =» M4 Lz Mg == Hg
Ep=+ Nz Lgz => Hs L3 My => N5
Epz =» M2z Lpz =» M3 Ly

Lgs =» M2z Ly

Ly =2 Lz

Lyg = Ly

Ly =» Lz

Ly = L3y




Radiative Partition Function (T) Governs the Relative Intensities
Nominal Values (Varies slowly with Atomic Number)
E Shell L Shell M Shell

Egi = 100 Lgi = 100 Mggz = 100
Egz =50 Loz = 50 Mg = 60
Egi= 15-30 Lg =50
Egz= 1-10 Lgz = 20
Egs = 6-15 Lgg = 1-6

Lpa=3-5

Lyt = 1-10

Lyz = 0.5-2

Ly=1

L,=1-3

© . Special Considerations for L Intensity Calculations:

T1(La) =T5(0) . w5« Qs
I(LB)=F(PD) o5+ Qu: TP+ QAP
I(L) =F0)«05.Q
I(Ln) = FLZ(]]) UPFACP

I(Ly) =T, (D050, T ,(1B3)-0,-9,

The cross-sections used should also include
Coster-Kronig Transitions (F) and K Shell Vacancies (N)

(?L3TOtal = QL3 = FL23 e QLZ i (FL13 7 Fle"FLZB) = QLl & NKLB QK

QLZTOtaI = QLZ & FLlZ* QLl & NKLZ QK

QLITOtaI = QLl R FKLl QK

Coster-Kronig Transitions:

This is an inverse transition where electrons travel up the potential well
from a lower energy-state-to-a-higherone————

K Shell Vacan?:ies:

Generation of a K-shell X-ray results from L shell electron dropping down to the K
shell and an L-shell Vacancy is created. This will lead to a indirect emission of an L
shell X-ray even though-the L shell core hole was not initially_created by direct
electron-excitation:




Quantitative Analysis using XEDS
Standardless-Method

Invoke the-Intensi : ethod,thatis—cor 1e ratio of x-ray lines
from two
IA _ Ka Ey CA
xs € (s

Oawala
Ka = Pk il
Wa

Ka Ea

Xp &
This simple equation states that the relative intensity ratio of any two
characteristic x-ray—lines—is directly —proportiona to the relative
composition -ratio of their elemental components multiplied by some

" consmtsWW

kap-1 (k-factor)

~ ‘N‘OTE: The kAB factor isnot aunlversal constant!!
On

: of the AEM syst eralo T eAeB is no aconan sincenofwo
detectors areidentlca] over their entire operational range. Thiscan
cause problemsin some cases aswe shall see.

O-CLIFF & LORMER (1008, 9977}
s . e GEHGATEIN 0w, {007
ZALUTEC {0T8)
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The analysis to this point has only yielded the r elative compositions of the
—specimen. We need one additional assumption to convert therelative intensity
‘ratio’s (1/1;) into compositons namely:

C  Em

One now has a set—of N—eguations—and—N—unknowns which be solved
algebraically solved forthe individual composition values.

Thus for asimple two element systemwe have:

C
CB(§+1)=1

Soving for C;and C,,

1 1
Cg = and Ca =Cg -1
C I
((1+§)) ((1+ 4 ‘kw)]

308-1 308-2
LR

////%//W ] %//%/

LI ST S AT

12 Laboratories 15 Laboratories

Vitek et al, AEM, 1984
Variation in Measured Composition on 308 SSfor Different Labs
Examplein which K-factor is stable

Cr,Fe Ni
4&1ete43etecterﬂ%fﬁmeneyﬁee%ﬂﬁﬂﬂsenergyf ange—————
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Variation in K-factor with AEM/Detector System
Specimen: Uniform NiO film on Be Grid

Instrument Experimental Apparent Variation
K -Factor in Composition
R —— 80.9/19.1
w1
4 6

45.8/54.2
37.8/62.2

_“ From: Comparisol UTW/WL X-ray Detectors on TEM/STEMs and STEMs

‘ Thomas, Charlot, Franti, Garratt-Reed, Goodhew, Joy, Lee, Ng, Plicta, Zaluzec.
e Analytical Electron Microscopy-1984

-+~ Variationin K-factor with AEM/Detector System

— Low Energy End will not betheonly problematicarea

Variation in Nominal 3 mm Si{Li) Detector Thickness
4.0

3.8

5 : asi
S Y N
AW ALY,

)]

30
2.8 (5]
2.6
2.4

Thickness (mm)

T
0 10
Detector Number




Determining the K, Factor

Ex‘ erimental M easurements
Prepare thin-film standards of known composition

" —forthek factor needed.Prepare aworking data base.

Thisisthe method, bu
- specimen composition must be verified independently
- must have a standard for every element to be studied

Theoretical Calculations

Attempt first principles cal culation knowing
some fundamental parametersof the AEM system

Start with a limited.number of _kAB factor measurements,
thenfit the AEM parameters to best match the data.

. Extrapolate to systems where measurements and/or
standards do not exist. .

Method-1.(Goldstein

Method 2.(Zaluzec) Assume values for Gw,s determine the best eto fit kg This
rocedure essentially iterates the fit of e (detector window parameters) to the data.

& Experimental {Sheridan)
& Matt & Massey' i
& Green & Cosslett’
m Brown’ §

Powell’ H
Schreiber & Wims'

Zaluzes

K-Factor Calculation
Experiment
VS

Theory O Hott & Mesy a Fowell :
B Green & Cozelett © Schoredber & Wims
® Ealizec

A.g

z5i

k __ Facter Error
(Theory-Fxpt ) /Expt.

30 40

Atomic Number




k-Fattor EfTor

(Theor y-EXpL. WERpPL.

E-FaCtef Efror

(Theor 7-EXDL. )/ERpL.

K-FELLor Erfor

[Thenr y-EXpL. ERpPL.

E-FACLOr EIrpr

(Theor y-EEpL. )/EEpL.

Variation in k-Factor Error
withBe FindowThicknes{8-14pm)

A =

§i Dead = 1000 &..
5i Active = 3mm 14 pm

100 &

Variation in k-Factor Error
with Au Thickness {100-400K)

~§i Dead = 1000 &

Be=12.7um

8i Active = 3 mm

-\
X

Lts]

4§oo£ |

1]

_20

10

10

-20

-3o

20 3o

40 50

Atomic Number

Variation in k-Factor Error
with Si Active Thickmess (3.0-3.6 mm)

Be=12.7pm
- Aw=100 &

Si Dead = 1000 &

N

3 0mm

3:6'mm

with 5i De

Variation in k-Factor Error

ad Layer ( 0-3000%)

ok

3:100 i
S.

Be=12 7pm

"y

Au=1004
51 Active = Jmm/|

10 20

30

40 50 60

Atomic Nomber

51



(kll]l] - kv‘.u”k1 i

WVariation in kai Factor
5\(-;vit.h Accelerating Voltage (100-400 kV)

| ——100kv
40 4. —=— 200 £V
§ 1 —o— 300V
S 304 " 400KV
[ ]
) ]
an 20:
10
ik‘.l—.-
0] "'"'""".

Calculated Variation in kai Factor

with Accelerating Voltage Normalized at 100 kV
0.1

0;%
] Hoe e,
0.1 HHH“EE"' "
14 oo e i
1 ..nunn g
1 ...':Emn 0000 0o oo oA
-0.2 4 - el T :
: & 100 kv S T T
03] * 200KV
37 o 300kv
1 = s00kv
-0.4 T T
10 20 30 40 50 60

Atomic Number

Experimental Intensity Batic

. Tiral
- Al

R

100 200 300
Accelerating Voltage (¥}

D' Expertmanid
BsrmreTiEtion,

= Gevan
8 Dalomm:

iy 10D i

O Expartzma
i bt

LR ]
B Teim:

Accdorzimng Volmge [LY1 o, o

L)

Arcederzung Yolags Y1
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Sour ces of valuesfor k,, Calculations

W - International Tables of Atomic Weights

'(K) - Schreiber and Wims,, X-ray Spectroscopy (1982)
e Nol11,p.42

T(L) = . - Scofield, Atomic and Nuclear Data Tables (1974)
o Noli14,#2,p. 121

o (K) - Bambyhék etal, Rev. Mod. Physics, Vol 44, p. 716
—Freund;—X-ray Spectrometry, (1975) Vol 4, p.90

(L) - Krause, J. Phys:Chem. Ref. Data (1974) Vol 8,
p.s07

o(Eo) - Inokutis Rev. Mod. Physics; 43, No. 3, 297 (1971)
.~ - Goldstein etal, SEM 1, 315, (1977)
- Chapman etal, X-ray Spectrometry, 12,153,(1983)
- Rez, X-ray Spectrometry, 13, 55, (1984)
- Egerton, Ultramicroscopy, 4, 169, (1969)
- Zaluzec, AEM-1984, San Fran. Press. 279, (1984)

——=¢(E) - Use mass absor ption coefficients from:
,—————————————=Thinh-andLeroux; %(ﬁay&aectﬂi@?éa)f&pﬂ&
-Henkeand Ebsiu, Adv. in X-ray Analysis,17, (1974)
-Holton and Zaluzec, AEM-1984, San Fran Press,353,(1984)

Quantitative Analysisusing XEDS
Thin Film Standards Method

Invoke the Intensity Ratio Method, but now consider the ratio of the
same x-ray line from two different specimens, where oneisfrom a
standar d of known-composition-white theotheris tinknown:

This simple equation states that the relative intensity ratio of same
characteristic x-ray line is directly proportional to the relative
composition ratio of thetwo specimens multiplied by a some new
. parameters.
————n=1ineident-beam-eurrent
= local specimen density
t =1local specimen thickness




Quantitative Analysis using XEDS
~— Specimen Thickness Effects

For finite thickness specimens, what is a thil

Previous Assumptions:
No Energy loss,
No X-ray absorption,
No X-ray fluorescence

NOTE: Electron Transparency is insufficient!

Effects of energy,ldss on Characteristic X-ray Production:

No pCa @
IA== WA OQAliATbSISAJ}EA(E] dt
L)

No pCa "
IA = —wa wala ﬂbSZEAJ}IA(E] dt
O

Calculated Change in ¢ with Energy Loss
| s6_ ot} otuoe-m)
o of100)

Energy Loss{eV)
500
1000
2000
5000
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Quantitative Analysis using XEDS
Specimen Thickness Effects

Consider the mean energy loss of a electron beam () going through
a film of thickness = "t". Let s = electron pathlength (=thickness)
then (Inokuti -2971): —

dE  me$NopZ 2ETE :
- {ﬁ'(]zcl—pzl ) -2 me2nf1-g2)

(1y1-p2)2
+ l—ﬂz + 5 }

Calculated Energy Losses (eV) as a function of pathlength

Yoltage Pathlength Al

100 kY 100 nm a7
400

300 kW 100 nm 51
400 nm 203

\ For conventional specimen thicknesses used in AEM, the effect
~of energy loss on characteristic x-ray production is negligible.

Quantitative Analysis using XEDS : Absorption Correction

to to
1= ] Ig) exp (-p*d) dat = | Ia(t) exp (-xpt) 4t
1] 0

e—

Electron
Incidence
Angle

Detector
Elevation 9E

9

= Absorption Pathlength from the specimen to detector
¢ Sin(g)
coz{p-bp)
= bGeometrical factor multiplied by average mass absorption
coefficient for the measured 1-ray line in the compound
Bl xin . szin(p)
p] Seec. cos(p-og)

= ¥eighted average mass absorption ¢oefficient
N X
it s o -
= pli + Cj {Note: ¢composition dependent!)

i= 1
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Detector
Elevation ®f

Electron
Incidence
Angle

g = Arccos singy = cOSHA - cOSBE + Sinds - COSy - COSHE - sinBA--
k

\aZtb24c?

a=Cosdg= cos¢y = COSBa = COSBE
b= oSty COSdy «COSBE=SiNBA

= Sifdy = 00564 = COSOE + SiNdy » COS¢y - COSOE - 5iNBa

)
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Now rederive the standardless equations to include absorption.

In €a . Ka 9 Ca

IB _SB KB 5]3 ﬁ

oA U (1 exp(xpt*)i™)
B [E am (1- exp(-xpt*)as")

sin(f)
cos(fi-Bg)

B Y-ray in _
B Compound

i=1
Electron Incidence Angle
Function of Stage Tilts: 3,9y, & Detector Azimuth Ga)
Detector Elevation Angle

Define the Thin Film approzimation: xpt* < 0.1

Thin Film approzimation: xpt* < 0.1

thickness (nm)
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Effect of Tilting Specimen on Absorption

High

X yn 0y gt 087 b m 00
t o, 0N i W’
g

For a plane paralle slab specimen, tiltir_lg has.the effect
of increasing the Specimel_'l Thl_ckness. duce
Different Detector /Specimen Geometries will enhance /redu
the Absorption Effects

r—a b
[T o -

FIG. 1---Theorptscally caleulaced intamazty Fig. 2---Thearctically Ealculstad intensity
Thtio of 1j°/157 aa funcrion of apecimen ratio of N¥/150 a3 fenction of spectmen 10t
Hlt gz -: d-tzclar!speu:l-m reometry of 4z at datectar/specimen gacactry of By = 20°

o =0, o e thickneas Gy« 907 for spectren thichree voie runging
\'l:‘“:‘ Tanging from 10 tg 400 nm 2k indi- Tron 10 to 400 am wa indicated.
cal N

=
PN P S Mg

FIG. 3,--Theoratlcally caleulnteg intenaley
Ly"/I8Y a3 function of specisen
L1 Oy ut detfiter/vpecioen goznctry of B =
L

e, awn thickness valusa
Tangisg from i0 te 400 my a3 Indieaved.
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In the "real" world few specimens have the shape used to derive
this correction. Mext consider two representative geometries
Symmetric Wedge Geometry:

Electron

€~ Incidence
% Angle
B— oz
Detector
Elevation 0 E

Electron
Incidence
Angle

+ o2 oo
Detector B A
Elevation

Replace all f's by B+ /2. where ais the wedge angle of the specimen
+wi2 variant applies when the detector is positioned such that the
pathlength fecresses relative to the parallel slab model
—wi2 variant appliss when the detector is pesitioned such that the
pathlength Fecresses relative to the parallel slab model

Glitz etal (MAS-1981)

Attempt a Wedge Model Correction using previous formulae.

Path =1 Path =2
Ini Ini

Tas = 2.64 a1 =518

Lar
= Hi=60.9 Thin Film Model Eprorl
Thin Film Model —=— 39.1

Ni=45.3 Wi=60.5
“AIS47 Parallel Slab —= 305
Ni=50.6 Ni=42.6
Wedge Model —r—2a— Wedge Model —neas
xptNi=0.016 xpt Ni=0.081
% pt Ni = 0.925 xpt Ni=4.24

Parallel Slab

Absorption Correction has limited applications keep ypt <1




Specimen Homogenity

In this and all other derivations we have assumed that over the excited
volume, -as-well-as-along-th-exiting-pathlength;-the-specimen-is-homogeneous in
composition. If this assumption is invalid, one must reformulate the
absorption correction and take into account changes in: nir,r, and t along the

exiting pathlengtp———
' —Effects-of Beam-Broadening—
Parallel Slab Model:"No Change in absorption pathlength
Wedge Model: There isacorrection the magnitude of
which varies-with the wedge angle.

Effects of-lrregular Surface

This cannot be analytically modeled_but must be-understood!

INTENSITY —>

-
.",‘.r" T
R HCR T

Sadeted st

7 A f; -,
L el

uha EKn ba

B c
ENERGY—*

Measured Electron ¥REE¥E
Iy =1, + Iy

[ MRE Y B
IAMea.su.red _ IAElectron( 1 -

oY
A
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Calculation of the Intensity of 14 x-rays due to fluorescence by Ig

AIXFFbYB=Tp » [exp (-(%) 4p P Z COSECH ] ] J [F\CA (%J X DDSE’C(M] . [(%h] . [to;s-l“x_x]

AILXRF BV E = Iy #P XRE BV E gz dg

& Fraction of B z-rays that are
[EXIJ (15— )y Pz COSEDY ) ] absorbed in the tnaterial AB on
R leawing at angle 4 ftom depth 2

WB Probability that B 2-rays are

[F’:A 5 A_GC!S&.(M] absorbed by atoms of type A

& Probability that upon absorption
[(T“:].A] the E-Shell is ionized for &

Probability thata Ew x-rayis
[wA-TA] emitted

Now integrate this over the specimen geometry ¢=4n, T=thickness

41T

T
Jarger - J [ 1s #PARRE gz dp
2 ]

0

Substituting for Iy and dividing by Ix and generalizing to element 4
ST
ILNRF bR
Ia

: i
cp o DA B Al W i :
Ci wy T i (.?& (?m J, g fterms ih BExp & cosec ¢) dz d4

0
Solution depends on the geometric assumptions
(see for example Twigg & Fraser MAS, 1942)

L HEE by 1 g DA T e T 1
B can g2 e gl Gl w () |

for a plane parallel slab specitmen

[ XRE by i
Definem=( 1 + I—Am )
&
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Next rederive the standardless equations to include x-ray fluorescence
and vou cari show,

IB'_EB K OB ¥B Cs

as in the case of z-ray absorption this requires iterative solution because

the ratio of '\['s are composition dependent .

When iz the XRF Correction important?

e W hen fluorescing line is near the absorption edge of the lower energy
line. Typically within a few atomic numbers (ie Z+2 to Z+6)
e fi'hen specimen is thick or path length is long

Defirie a thin film approzimation for ¥RF as:
[ FRE by

T, PR <0.05
A

Ay Qi e iy BT i
o oo PR, 812 (el (£ )ser) ] <005

A Ga i

Examples Absorption & Fluorescence Corrections

Assume 100 kY, BA = 90%0g = 209, B = 350, =09 i tilted parallel-slab
Ni 90%, Fe 107%
Calculation of Thin Film approximation Xpt =: 1. 25prn for Fe in the Alloy

-« for TEM specitnens we can almost always ignore absorption sffects

What about XKRF?

¥EF by Wi

Let T = 50004 i—m— 0.103 i.e. "10%
Fe

HEF by Mi

Let T = 10004 i—m— 0.028 i.e. 2.8%
Fe

-« for TEM specimens we may be affected by ¥RF
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Ni Q0%, A1 10%
Calculation of Thin Film approzimation ¥ pt => 232 & for Al in Alley !l

"« for TEM specimens we cannot ignore absorption effects

What about XRF?

YEF toy Ni

Let T = 50004 ;”—lm— 0.0001861i.e. 0.01%
Al

"+ for typical TEM specimens we can ignors ¥RF effscts

- Quantitative Analysis using XEDS - Bulk

For a Bulk Specimen:

ool A

Measured x-rav intensity

per unit area
Kth-shell ionization cross-section
Kth-shell flucrescence vield
Kth-shell radiative partition function
Backscatter Correction Term
Electron Stopping Power
Absorption Correction Term
Fluorescence Correction Term
Atomic Weight
Avagodro's nurnber
Density
Cornposition (At %)
Incident slectron flux
Specimen thickness
Detector efficiency
Detector solid angle

P

30‘)73*18:3
LU L | N ¥ Y VA |

Da s (ID Ozé"rj
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Quantitative Analysis using XEDS
Standards Method

Invoke the Intensity Ratio Method, but now consider the ratio of the
same x-ray-line from two_different specimens, where one is from a
standard of known composition while the other is unknown:

::rAm,,f —M(siZ) E::-:Ru]{ (2)1FuiCu :&p:{man}
v E .

—
Bsiifs (7)1 Cs|geBimescy

:: FAIDAJ —dUA(SE’Z) E
5
: [

Ig% C
e = Kratio = Kz# Ka#Kpe _CU
Ig* &

of rearranging

Cu = KRatio* (ZAF Corrections) * Cs

These«equaﬂeﬁs—stafe%ha%th&reiaﬂveﬁﬁfeﬂsﬁyﬁaaﬂﬁ%%amei

characterlst|c x-ray line is directly proportional to the relative

p ‘composnon ratio of the two speCImens mUIple b asome 3

correction terms

Advantages

Standard may be a pure element.
The closer the standard is to the

unknown material the smaller the
correction and-higherthe accuracy.

Disadvantages
Effects of surfaeeﬂ‘ﬂms can be critical

Must have a standard for each element
to be analyzed
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Additional Topics

Heterogeneous Specimens
Composition Profiles
Electron Channeling
Radiation Damage

All quantitative analysis equations were derived assuming
that the specimen is homogeneous over the exited volume

Application of the these equations to heterogenous specimens
effectively averages the composition over the excited volume.
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W R S8 0 & 0 W 3%

D SICE 30 STERIANY [ DISTARCE FAOU DDA frmd

7C'(x,‘y) - C(x,y,2)* d(x,y,2)

C*(z,y) = Apparent profile measured
C(z,¥.2) = Actual composition profile
d{xz,y,z) = Incident beam profile

* = Convolution operator

F,F-1 = Fourier and Inverse Fourier Transforms

In the 2 dimensional limit one can deconvolute the measured profile

using:
Flc*z.y)
C(X, ) = F-1}== 22
¥ F{d(z.y)}
Realistically, it is better to decrease the probe diameter and
specimen thickness

Electron Channeling Effects

Orientation Dependence of
Intensity Ratio in Ordered System

Yo =200 k¥

¥ Ratio

—C— <100> Ordered Direction
—&— <110> Disordered Direction

-5 -4 -3 -2 -1 0o 1 2
Orientation Along G

Ni/Al K Intensit
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High Angular Resolution Electron Channeling X-ray Spectr oscopy

ALCHEMI
Atom Location by CHanneling
- EMIssion
- Tafto & Spence - Science 1982
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Wote: M prefers 5i Sites and Ni prefers Mg Sites
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Coherent Bremmstrahulung
Reese, Spence, and Yamamoto- Phil Mag. 1984 Vol 49, 5, 697

Radiation Damage vs Microanalvsis

Comparison of
Characteristic Signal Generation
and Displacement Rates

Ionizations , Nop
sec N~y

Nop

Displacements . _ % Jxg(f) *C A

sec

Detected X-rays _ Ngp
Set Nj - Q*loxIxex@x | J* € —¢

Detected EEL
sec

N
Nj = Q *| wpl'gepg | J*CTOp
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Radiation Damage vs Microanalysis

Energy Transiered by an Incident Electron to an Atomic Nucleus

2%, * (T o+ 2*moC2)*sin2 (%)

o
T Mc2

To =eVo, M= nuclear mass, mo = electron mass, I = scattering angle

Comparison of Mazimum Transferable Einetic Energy for Selected
Elements with Displacement and Sputtering Energies (all values in V)

Element | < -Tr T4l 12
e = ——- “amy
100kY | 200kY | 300kY | 400 kY
Al §.93 195 316 5.3 16 35-7.0
Ti 5.00 11.0 17.8 25.5 15 49-08
v £73 103 1672 24.0 29 5.3-106
Cr 1.63 10.1 16.38 235 21 4.1-8.2
Fe 431 9.40 1525 218 16 43-86
Co 4.08 891 14.45 207 23 44-88
Ni %:10 894 143 Z0.8 21 1.3-9.0
cu 3.79 8.26 13.4 19.2 18 3.5-7.0
Zn 3.69 8.03 13.03 18.7 16 14-28
Hb Z.59 3.63 917 132 24 7.5-150
________ Mo 2,31 5.47 8.8 12.7 27 6.8-13.6
Ag 2.23 487 7.90 113 28 3.0-6.0
cd 2.14 4.67 7.58 10.9 20 1.2-2.4
Ta 1.33 2.90 471 6.75 33 8.1-16.2
Pt 1.23 2.69 4.37 6.26 33 59-118
Au 1.22 267 432 6.2 36 3.8-7.6

Td = Displacement Threshold (Bulk) Energy
Ts = Sputtering Threshold (Surface) Energy
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